A numerical study is performed in order to investigate the effects of the inlet flow structure on the flow and heat transfer characteristics in the reattachment zones over open cavity. Indeed, two inlet flow configurations are tested ; a turbulent wall jet which has a particular structure with two sources of turbulence production (the first is due to the shear flow associated to the inner layer characterized by small scale and second one is of the free shear jet flow with large turbulence scales) and a free boundary layer flow .The inner region of these two flows is similar, but their external regions are extremely different. The separating and reattaching flow phenomena are of particular interest in engineering fields. The numerical results of the analyses the local convective heat transfer. The Nusselt number is more important and decreases immediately downstream the reattachment under the wall jet inlet flow. This detail may be explained from a dynamical point of view; the turbulent energy is more important but in small area around the each reattachment zone. The local Nusselt number increases when the Reynolds numbers augments. The evolution of local Nusselt , depends on incoming flow configuration. For the two configuration of incoming flow (Boundary layer or Wall jet), the distribution of mean Nusselt number is correlated according with some problem parameters.
complex and depends on the aspect ratio of the cavity. The reattachment length in the wall jet case is reduced significantly compared to that of the boundary layer case and they confirmed through the kinetic energy contours that the reduction is due to the turbulent external layer of the wall jet effect on the recirculation zone.
Fig. 1. The geometry of the configuration
Numerical predictions were performed by (Christensen,1992) , of a two dimensional flow inside a room with ceiling-mounted obstacle. For a small obstacle, there is no deflection of the wall jet. He confirms that it is difficult to acquire the accurate size and the location of obstacles that do not produce a deflected flow. A Steady-state heat transfer study between a slab and a fluid was carried out experimentally, for a two-dimensional laminar incompressible wall jet over a backward-facing step by Kanna et al.,2005 . The Nusselt number evolution is determined for several Reynolds number (Re), fluid property (Pr), and solid to fluid conductivity ratio. He confirms that when the conductivity ratio increases, average Nusselt number augments asymptotically approaching the non-conjugate value. Kozato et al., 1999) ; examined experimentally the case of a turbulent axisymetrical wall jet issuing from an annular nozzle impinging a forward facing step. (Anindya, 2007) , investigated numerically and experimentally the effects of an impinging jet on cube-shaped buildings. This 3D study is achieved numerically about microburst-generated wind loads and its effects on buildings. (Mudgal and Pani, 1998) , perform an experimental study on the length of the wake of flow around a square obstacle in plane turbulent wall jets. The force of a plane turbulent wall jet over one cube is determined experimentally by a laser-Doppler anemometer. The length of the wake and the characteristics of the relaxing shear layer are deepened versus that of the Clauser parameter defined for the inner layer of the wall jet (Mudgal and Pani, 1998) . The plane wall jet over a rectangular obstacle is studied numerically using volume finite method based on the shear stress k-heurbulence. The scope of the present paper is to relate the flow field at the heat transfer process for the cooling of a hot rectangular obstacle by a wall jet flow or a boundary layer. The effect nozzle thickness and jet exit Reynolds number on the flow structure and the average Nusselt number distribution are investigated. A schematic diagram of the configuration is shown in Fig. 1. 
Methodology

1 Governing equations
The mass, momentum and energy conservation equations, for a steady state incompressible flow, have been averaged as follow: 
Energy equation:
Where U i is the mean velocity component in x i direction; T is the mean temperature and u i is the velocity fluctuation component. Here θ is the temperature fluctuation, P is the static pressure and ρ is the fluid density. While i j u u are the Reynolds stress tensor components depending on eddy viscosity t k ν ω = . By analogy with molecular transport, the Simple Gradient Diffusion Hypothesis (SGDH) is used. The following algebraic constitutive law allows to deduce the velocity-temperature correlation:
Turbulence modeling
Equations (1-3), depend on the kinetic energy k and the specific dissipation ω. The Shear Stress Tensor k-ω one point closure is used in this study (Menter,1994) .The process of the Shear stress tensor k-ω model is to use the k-ω formulation in the inner zone of the boundary layer and the k-ε model in the outer zone of the boundary layer. In order to combine these two models, the standard k-ε model is transformed into k and ω equations, which leads to the introduction of a cross-diffusion term in the dissipation rate equation (Menter,1994) and Wilcox, 1994) .The formalism of the SST model is summarized as follows (see also Wilcox, 1994) . The turbulence kinetic energy:
The specific dissipation rate equation:
where:
is the production of turbulence kinetic energy due to mean velocity gradient. For the SST Model, the coefficients have the following form:
The blending function F 1 , close to the wall is set to 1and 0far from the wall, 4 500 4 tanh min max 2 ; , 2 2 1 0.09 2
Where 2 10 max ,10 2 The difference between the standard k-ω model and SST model is in the term γ, which is deduced from Equation 9. The constants ( ) 
The eddy viscosity is defined by:
Where Ω is the vorticity magnitude and 2 500 tanh max 2 ; 2 2 0.09 (1) to (5) The numerical predictions based on finite volume method are performed by ANSYS FLUENT 14.0 CFD code. The finite volume method requires a transformation of the equations in conservative form (Patankar S.V. 1980) , to convection, diffusion and source terms.The transport equation for two dimensional in Cartesian coordinate of dynamical and thermal characteristics of mean and turbulent flow required for finite volume method is:
Where F is one of the dependent variables U, V, T, k and ω, F Γ and S F are the corresponding diffusion coefficient and source terms of each equation respectively (Table 1) . The transport equations are discretized on collocated meshes.The convection and diffusion terms are interpolated using the POWER LAW scheme for all variables, except for the pressure where the second order scheme is applied.The pressure-velocity coupling is achieved by the SIMPLE algorithm. -The inlet boundary conditions are chosen as follow:
Boundary conditions
Where Cµ=0.09 and l m is a length scale.
For each wall, the non-slip condition is imposed (U=V=0). The kinetic energy (k) is set to zero and the specific of dissipation rate ω corresponds to the asymptotic value proposed by Wilcox, 1994) . The obstacle walls are maintained at constant temperature (T w >T 0 ). All other walls of the configuration are adiabatic. For the section BC (see Fig. 1 ), the pressure inlet is imposed for the wall jet cases and velocity inlet for the boundary layer incoming flow case. At the free boundary, pressure outlet (fully developed) boundary conditions are used. The pressure at these boundaries is kept at the atmospheric value. At this boundary, the temperature reaches the ambient value (T=T 0 ). Symmetry condition is imposed for the case of boundary incoming flow at the upper horizontal edge.
Grid arrangement
Fig. 3. Typical grid case (b=2H)
A two dimensional structural non-uniform grid is generated (Fig. 3) . The meshes are refined close to the wall, where high gradients dominate. The low-Reynolds number turbulence models require refined grids in the inner zone of the boundary layer (Fig. 3) . Several grids sizes are tested and the present numerical results of this paper are investigated for the all cases in order to find a good compromise between the accuracy of the results and the time calculation (Table 2) . For all cases, the Grid 3 produces satisfactory result, less than2 percent accuracy as a more refined grid (Grid 4). Then the third grid is used in the present numerical results of this study. 
Results and Discussion
Modeling parameters
The parameters of this study are based on previous work of wall jet over backward facing step 2011a; Nait Bouda et al.,2008 and 2009 , Badri 1993 , are given in Table 3 . The influence of the nozzle thickness and Reynolds number on the flow fields and heat transfer are examined. For all cases, the Reynolds number is based on the boundary layer thickness δ.The inner boundary layer thickness at the edge of the obstacle is chosen equivalent to the obstacle height ( H δ ≈ ). This condition is obtained for a given turbulent intensity value. In such case H δ ≈ ; the free shear-mixing layer is controlled by the upstream flow but is not dominated by it, (Bradshaw and Wong, ,1971) 3.2 Validation obtained between the present study and experimental data of Klebanoff, 1951 . The plane wall jet is characterised by two zones: The inner layer extending from the wall to the section of maximum velocity; analogous to the boundary layer profile and the outer layer that extends from the section of maximum velocity at the outer edge; similar to the free jet profile (Eriksson et al., 1998) . Upstream of the obstacle, at x = -20H, the dimensionless velocity (U/U max ) versus the normalised distance (y/y 1/2 ) profiles are compared with available experimental data of (Eriksson et al., 1998) . (Fig.  4(b) ). A good agreement is observed between the two predictions. Furthermore, this Figure confirms that the impinging flow pattern upstream of the obstacle is a fully developed turbulent wall jet. The validation case is performed with the available experimental results of (Mudgal and Pani, 1998) , for a turbulent wall jet over a cube. compared to their corresponding experimental data of (Mudgal and Pani, 1998) As shown in Fig. 6 (a) , the streamlines of the two types of incoming flow are different. This Figure highlights the interaction of the jet external shear layer with the obstacle. In the comparison of the boundary layer case to that of the wall jet, it appears that an impinging flow volume is higher than that of the wall jet case. Since, for a given Reynolds number, the momentum of the boundary incoming flow significantly exceeds those of all wall jet incoming flows (Table 4) . To clarity, an enlargement in the obstacle area is performed in figure 6(b) . Around the obstacle flow develops three recirculation zones around the obstacle for each tested case (wall jet (H/2≤b≤H) and boundary layer inlet flow). The nozzle width influences strongly the volume of eddies (Fig. 6(b) ). The moderate Reynolds number also affects the structure of the flow. Contrary to the high Reynolds numbers, a minor variation of the flow structure is detected. For the Boundary layer incoming flow, the first eddy (forward facing step and the third eddy (backward facing step) have the largest size; contrary to that of the second eddies (atop of the obstacle) which is reduced in comparison to that of the wall jet incoming flow. Fig. 7 illustrates qualitatively the flow configuration, eddies and reattachments lengths X ri . The value of each reattachment length X ri is numerically obtained from the location of the zero friction coefficient of the corresponding wall. As shown in Fig. 7 , X r1 is the length of the upstream bubble, before the ascending step; X r2 is the second length, atop of the obstacle and X r3 is the length of the downstream eddy from the backward facing step. Three nozzles thickness are checked in this study. So, we observe on Table 4 that this parameter is influenced by Reynolds number and incoming flow pattern. The reattachment length of the first and the third eddy increase when the nozzle thickness increases, the highest value is obtained for the boundary layer incoming flow. Inversely to the second bubble, the reattachment length decreases when the nozzle thickness increases and the smallest length is obtained for the boundary layer case. Table 4 , also proves that the increase of Reynolds number induces a slight diminution of the first and the third eddies and a minor augmentation of the second one. The flow structure mainly depends mainly on the incoming flow parameters particularly the momentum of the incoming flow (Table 5) . The vorticity contours are plotted in Fig. 8 , in order to investigate the influence of the incoming flow pattern for high Reynolds number (Re=50000), on the flow structure. The vortical structures of such flow interaction confirm that the eddy volume augments when the thickness of the jet increases. As can be seen in Fig.8 , the shear layers development of the wall jet induces the penetration of the shear layers in the upstream edge of the obstacle. Each incoming flow highlights the influence of the external zone of the flow on the reattachment process through vorticity contours. The inner regions of each case of incoming flow are similar, unlike their external regions that are very different. The same trend is obtained for each Reynolds number up to 5000, but the magnitude is smaller for the low Reynolds number case than tht of the high Re number case.
Reattachments lengths
Pressure coefficient
The dimensionless wall pressure is defined by the following expression:
Here P 0 is the reference static pressure. Fig. 9 gives the pressure coefficient evolutions along each horizontal wall of the configuration. This later illustrates the evolution of the pressure coefficient along each horizontal wall for Re=10000. The pressure loss is due to the recirculation region and the reattachment process over the corresponding wall. It can be seen that there is a sudden adverse pressure gradient before the forward facing step (wall 2). However, we can say that the evolutions obtained in the recirculation zone of each of the wall jet cases are similar to that of the detached boundary layers. For Wall 6, the flow behavior is almost similar to that of a backward facing step flow. Particularly, the coefficient of pressure increases suddenly until it reaches a maximum and then decreases to evolve asymptotically to zero corresponding to the atmospheric pressure. The trend observed in the redevelopment area is different from that usually encountered in the case of an incoming boundary layer flow type or a wall jet flow. For each wall, the minimum corresponds to the eddy center location (Wall 6). A negative pressure and an obvious minimum at the left edge of the obstacle characterize the top of the obstacle (Wall 4). This later corresponds to the development of the second bubble. At the right edge, one notes an asymptotic value of zero for the case of the wall jet incoming flow and -0.2 for the boundary layer case. Through these Figures, the effect of the nozzle thickness is evidenced. One can confirm that when the nozzle thickness increases between H/2 to infinite (boundary layer case), the magnitude of the pressure coefficient increases. The effect of the inlet flow configuration and Reynolds number of separated and reattaching flow over a rectangular obstacle are analyzed in terms of spatial distribution of turbulent kinetic energy (Fig. 10) . A detail analysis of the space distribution of turbulent kinetic energy distinguishes several maxima around the obstacle. The examination of the contours evolution confirms the existence of several sources of turbulence production. Several maxima are observed in the region of the obstacle, and an additional one is visible for the cases of the wall jet incoming flow. All these maxima in kinetic energy induce the main production sources. Particularly the additional eddy of the wall jet cases, plays a significant role in the reattachment process , reduction in size of the vortex; which induces a smaller reattachment length. Similar evolutions are obtained for all Reynolds number with smallest magnitude for low Reynolds number. 
Thermal fields
In order to predict the heat transfer rate along the heated walls composing the obstacle, the local Nusselt number is deduced from the temperature distribution. It is defined by Eq. 10:
Where n is the perpendicular direction to the corresponding wall and L is length of the wall. In Fig.11 , the computed local Nusselt numbers on each wall (Wall 3, Wall 4, Wall 5) of the obstacle at different Reynolds number are presented. The other walls are not taken into consideration, since they are assumed adiabatic. It is seen in Fig. 11 that as a result of flow separation, the value of heat transfer coefficient increases because of the each recirculation zone up to the reattached point. After the reattachment point, the flow builds up a new boundary layer as it develops a decrease in the value of Nusselt number. The local Nusselt number increases with Reynolds numbers. The mean Nusselt number along the walls that form the obstacle is deduced from eq 12. The weighting factor of each term is proportional to each wall length L such as 
Where L 2 , L 3 and L 4 are the length of the heated wall (L 2 = L 4 =H and L 3 =10H). This could be used from an engineering viewpoint for the purpose of heat transfer enhancement. The wall jets thickness is set for various values and it emerges that the thinnest exhibits the higher heat transfer on each wall of the obstacle and for the entire surface of the obstacle. The boundary layer case exhibits the higher heat transfer the wall jet cases, because the corresponding momentum of the inlet flow over the obstacle is highest. The convective heat transfer depends mainly on the momentum of the flow. 
Conclusion
This paper examines a separated reattaching flow over a rectangular obstacle. Two types of incoming flow are examined in order to show the influence of the external zone of the flow on the reattachment process around the obstacle. It occurs about a wall jet and a boundary layer. The inner region of these two flows is similar, but their external regions are extremely different. The effects of the Reynolds number and nozzle thickness on reattachment processes and heat transfer are detailed simultaneously. The flow structure and are investigated numerically using the finite volume method. The formulation is based on the SST k-ω turbulence model .The numerical predictions confirm the flow field of some experimental available data. However, for the same Reynolds number, the structure of the wall jet incoming flow differs significantly from that of the boundary layer case. The reattachment length varies. At a given Re number and an identical boundary layer thickness; -The size of the first eddy forward facing step depends on the momentum of the corresponding incoming flow.
-The second length X r2 of the eddy at the top of the obstacle augments for the wall jet incoming flow.
-Backward facing step, behind the obstacle, the reattachment length X r3 is reduced in the wall jet flow case compared to that obtained in the boundary layer case. The turbulence kinetic energy and vorticity magnitude are found high around the nozzle cross section where the shear layer attains the high deformation. This can be justified by the longitudinal deflection of the main flow. An additional bubble is visible for the cases of the wall jet incoming flow. It plays a significant role in the reattachment process, compressing the eddies ,inducing a smaller reattachment length. The same observations are obtained for both Reynolds number, except that for the low Re the magnitude of energy is less significant. The boundary layer case gives the highest Nusselt number values in comparison with wall jet cases. The diminution of the nozzle thickness increases the diffusion of turbulence and the heat transfer. The case of the boundary layer gives the higher heat transfer and largest reattachment lengths. The distribution of average Nusselt number is correlated according to some problem parameters for both incoming flow configuration (wall jet and boundary layer).
